Objectives-Vascular smooth muscle cell (VSMC) apoptosis contributes to atherosclerotic plaque instability and myocardial infarction. Consequently, reducing VSMC apoptosis may be beneficial for reducing plaque instability and acute coronary events. We previously demonstrated that N-cadherin, a cell-cell adhesion molecule, reduces VSMC apoptosis in vitro. In this study, we examined whether a soluble form of N-cadherin (SNC) affected VSMC apoptosis and plaque stability. Methods and Results-SNC significantly inhibited VSMC apoptosis in vitro by Ϸ50% via activation of fibroblast growth factor receptor, phosphoinositide-3 kinase, and Akt signaling. SNC also significantly reduced macrophage and foam cell-macrophage apoptosis in vitro by Ͼ50%, without affecting monocyte invasion or macrophage proliferation. Elevation of plasma levels of SNC in male apolipoprotein E-deficient mice with existing atherosclerosis via adenoviral delivery significantly reduced VSMC and macrophage apoptosis in brachiocephalic artery plaques by Ϸ60%.
P laque rupture is the precipitating event in the majority of clinical events of acute coronary syndrome patients presenting with unstable angina, acute myocardial infarction, and sudden coronary death. 1 Accelerated vascular smooth muscle cell (VSMC) apoptosis contributes to fibrous cap thinning and therefore is vitally important in plaque stability. 2 In normal blood vessels VSMC apoptosis is rare. However, increased apoptosis is observed in unstable human atherosclerotic plaques. 3 Interestingly, apoptotic cells are located in the fibrous cap 2 and associated with fibrous cap thinning. 4 Recently, mouse models of atherosclerosis have provided direct evidence that VSMC apoptosis causes plaque instability. [5] [6] [7] Consequently, reducing VSMC apoptosis is an attractive strategy for attenuating plaque instability.
Homophilic cell-cell contacts provide a survival signal in many cell types. In VSMCs homophilic cell-cell contacts are mediated by N-cadherin. 8 We previously demonstrated that N-cadherin mediated cell-cell adhesion provides a survival signal in VSMCs and is equally effective as cell-matrix contact. 9 Homophilic interaction of N-cadherin causes activation of the PI-3 kinase/Akt pathway. 10 -12 Interestingly, N-cadherin can associate with the fibroblast growth factor receptor (FGF-R) 13, 14 and as a result causes activation of the FGF-R. 14 -17 Although it has been demonstrated that association of FGF-R and N-cadherin provides a survival signal, 16, 18 the mechanism remains undefined.
Previous studies have shown that the extracellular domain of cadherins acts as a mimetic. 19 -21 We therefore determined whether a 90-kDa soluble fragment of N-cadherin composed of the extracellular domain (soluble N-cadherin, SNC) affects VSMC apoptosis and plaque instability. This soluble form of N-cadherin not only facilitates in vivo studies but has therapeutic potential. First, we determined the effect of SNC on VSMC apoptosis and the mechanism of action in vitro. Second, we examined whether SNC affected monocyte, macrophage, and foam cell-macrophage behavior in vitro. Third, we determined the effects of elevated plasma levels of SNC on apoptosis and plaque composition using adenoviral infection in fat-fed ApoE Ϫ/Ϫ mice.
Methods
Expanded methods are provided in the supplemental materials (available online at http://atvb.ahajournals.org).
VSMC Culture
Human saphenous vein VSMC at passage 4 to 8 were generated as described 8 (Research Ethics Committee #04/Q2007/6). Each experiment was carried out with VSMCs from at least 3 different segments of vein.
Purification of SNC-Fc and Fc
CHO cells were infected with 50 pfu/cell of RAd Fc or RAd SNC-Fc, the conditioned media was collected at 66 and 138 hours after infection. Conditioned media was pooled, and purification of SNC-Fc or Fc was achieved with protein A columns (Amersham Biosciences). Protein concentration was determined using the Bradford Protein assay (Sigma).
Inducing VSMC and Macrophage Apoptosis
VSMC apoptosis was induced by culturing in 10% (v/v) FCS in 10% (wt/vol) agarose-coated wells (suspension culture) or serum-free media with 200 ng/mL Fas-L, or 50 ng/mL tumor necrosis factor (TNF)-␣ and 2 g/mL cycloheximide, in the presence of 20 pmol/L SNC-Fc or Fc for 24 hours. The effect of SNC was compared with 20 pmol/L (Ϸ2 ng/mL) IGF-1. VSMCs were also treated with 30 mol/L SU5402 (Calbiochem), 20 nmol/L Wortmannin (Calbiochem), 10 mol/L Akt inhibitor (Calbiochem) to inhibit FGF-R signaling, PI-3K, and Akt, respectively. HAV peptides, generously provided by Dr Orest Blaschuk (Adherex, Durham, NC), were used at 500 g/mL as previously described, 9 to assess the role of the HAV binding domain in the prosurvival effect. HAV peptide (Ac-Cys-His-Ala-Val-Cys-NH 2 ) is a nonspecific HAV inhibitory peptide, inhibiting all classical cadherins and other HAV motif containing proteins including FGF-R. 22, 23 HAVDI peptide (N-Ac-Cys-His-Ala-Val-Asp-Cys-NH 2 ) is a N-cadherin specific peptide. 24 HGV (Ac-Cys-His-Gly-Val-Cys-NH 2 ) and HGVDI (N-Ac-Cys-His-Gly-Val-Asp-Cys-NH 2 ) were used as control peptides. Mouse macrophage and rabbit foam cell-macrophage apoptosis was induced by culture in serumfree media for 72 hours in the presence of 20 pmol/L SNC-Fc or Fc.
Immunocytochemistry
Apoptosis was assessed by cleaved caspase-3 immunocytochemistry as previously. 9 Phosphorylated Akt (pAkt) was detected by immunocytochemistry using rabbit antipAkt antibody (Cell Signaling) diluted 1:25.
In Vivo Experiments
Homozygous C57BL/6;129 male ApoE Ϫ/Ϫ mice (strain background 71% C57BL/6 and 29% 129) were bred within the Animal Unit of the University of Bristol. Housing, care, and all procedures were performed in accordance with the guidelines and regulations of the University of Bristol and the United Kingdom Home Office. To induce formation of complex atherosclerotic lesions, male 8-weekold apoE Ϫ/Ϫ mice were fed a high-fat rodent diet containing 21% (w/w) fat from lard supplemented with 0.15% (w/w) cholesterol (Special Diets Services) for a period of 8 weeks. Mice were given an intravenous dose of 8ϫ10 10 viral particles of an empty adenovirus (RAd66) as a predose 4 hours before administration of 2.25ϫ10 8 viral particles of RAd SNC-Fc (nϭ13) and Fc (nϭ13), or vehicle control PBS (nϭ15), as previously described. 25 Mice were then maintained on a high-fat diet for 28 days to induce hepatic expression of transgene. Plasma was assayed for lipid and SNC and brachiocephalic arteries were analyzed as described in the supplemental materials.
Statistical Analysis
Values are expressed as meanϮSEM. Data were analyzed by ANOVA for multiple comparisons, and the Student Newman Keuls test was used. For experiments with 2 groups, the paired t test was used. Differences were considered significant when PϽ0.05.
Results

Effect of SNC-Fc on VSMC Apoptosis
The effect of purified SNC-Fc and Fc (the control for SNC-Fc) on VSMC apoptosis was analyzed by staining for cleaved caspase-3, an effector caspase involved in the apoptotic pathway. SNC-Fc significantly reduced VSMC apoptosis in a dosedependent manner (20, 100, and 200 pmol/L) when apoptosis was induced by suspension culture. SNC at 20 pmol/L also significantly reduced VSMC apoptosis induced by Fas-L or TNF␣ by approximately 50%. VSMC apoptosis was not affected by Fc ( Figure 1A) . Interestingly, the survival effect of SNC-Fc on Fas-L-treated VSMCs was as potent and as effective as the well documented survival factor, 26 IGF-1 (SNC-Fc inhibited apoptosis by 57Ϯ15% versus 51Ϯ15% with 20 pmol/L IGF-1, nϭ4). No additional benefit was obtained by combined treatment (results not shown). 
Mechanism of Action of SNC
SNC significantly reduced both the ability of single VSMCs to aggregate (18.5Ϯ2.7 versus 8.4Ϯ2.7% cells in aggregates, nϭ3, PϽ0.05) and form cell-cell adhesions (14.8Ϯ1.3 versus 10.5Ϯ1.2% adhesion, nϭ3, PϽ0.05), indicating SNC acts as a mimetic interfering with cell-cell association. In contrast SNC had no effect on adhesion or aggregation of VSMCs with established cell-cell contacts.
Inhibitors were used to investigate the involvement of FGF-R1 (SU5402), PI-3 kinase (Wortmannin) and Akt (Akt inhibitor 1) in the prosurvival effect of SNC-Fc. All inhibitors resulted in complete ablation of the prosurvival effect of SNC-Fc, suggesting that all 3 factors are essential ( Figure  1B ). After 24 hours, siRNA knockdown of FGF-R was 85Ϯ7% (nϭ3, PϽ0.05) by quantitative polymerase chain reaction (PCR) and confirmed by immunocytochemistry (data not shown). Knockdown of FGF-R with siRNA confirmed the requirement for FGF-R in the prosurvival effect ( Figure 1C ). Significantly increased phosphorylation of Akt was demonstrated by Western blotting after 10 minutes of SNC-Fc treatment (120Ϯ1% versus 100Ϯ1%, nϭ3, Pϭ0.0037; Figure 2A ). SNC-Fc treatment also increased (and thereby inactivated) phosphorylated Bad (serine 136) after 30 minutes, providing a direct link to cell survival ( Figure 2B ). Immunocytochemistry after 24 hours of SNC-Fc treatment confirmed the Western blot results ( Figure 2C ) and importantly, the increased nuclear pAkt was significantly attenuated by the PI-3 kinase and FGF-R inhibitors ( Figure  2D ), indicating that SNC-Fc caused activation of Akt via FGF-R and PI-3 kinase signaling.
To explore the mechanism by which SNC-Fc activated the FGF-R, we used peptides to inhibit the interaction between SNC-Fc and N-cadherin or FGF-R, as HAV is a common binding motif in N-cadherin and FGF-R (supplemental Figure I ). Two HAV peptides were used to inhibit these interactions: HAV, a generic peptide preventing binding of SNC-Fc to both full-length N-cadherin and FGF-R, and HAVDI, a specific peptide preventing binding of SNC-Fc to N-cadherin, but permitting FGF-R binding. Treatment with HAV completely ablated the prosurvival effect of SNC-Fc compared to the control (HGV) peptide, whereas treatment with the HAVDI peptide reduced but did not completely ablate the prosurvival effect of SNC compared to the control (HGVDI) peptide. In fact, the effects of HAV and HAVDI were significantly different, suggesting that, although interaction of SNC-Fc with N-cadherin was required, binding through an alternative HAV containing molecule such as FGF-R is essential for the prosurvival effect of SNC-Fc.
The involvement of ␤-catenin in the prosurvival effect of SNC-Fc was investigated using TOPGAL aortic VSMCs, which have the ␤-galactosidase gene under the control of a minimal promoter containing ␤-catenin responsive elements. Beta-galactosidase activity was quantified using a chemiluminescent assay called Galactolight. No change in ␤-catenin signaling was observed after addition of SNC-Fc (Fc: 3.3Ϯ0.8, SNC-Fc 3.2Ϯ0.7, arbitrary units, nϭ3).
Effect of SNC-Fc on Monocyte/Macrophage Behavior In Vitro
Macrophages express N-cadherin mRNA at a similar level to VSMCs, whereas expression in monocytes is lower (supplemental Figure II) . FGF-R1 mRNA was also detected in monocytes and macrophages but at lower levels than in VSMCs. Immunohistochemistry confirmed expression of both N-cadherin and FGF-R1 in macrophages in atherosclerotic plaques (supplemental Figure II) . Apoptosis of macrophages and foam cell-macrophages was significantly attenuated by SNC-Fc by Ͼ50% in vitro (11.3Ϯ0.7 versus 23.6Ϯ2.3% and 1.8Ϯ0.6 versus 8.5Ϯ3.5%, respectively). However, addition of SNC-Fc did not affect monocyte invasion compared to Fc (8.6Ϯ1.0 versus 8.0Ϯ0.7 cells per field, nϭ4, PϾ0.05). Similarly, addition of SNC-Fc had no effect on macrophage 
Effect of SNC-Fc on Plaques
Plasma concentrations of SNC-Fc were significantly increased in mice infected with RAd SNC-Fc compared to control mice (PBS control mice or mice infected with RAd Fc) at 2, 6, and 8 days postinfection (Figure 3 ). Importantly, there were no significant differences in the plasma levels of low-density lipoprotein between groups (PBS:10.5Ϯ0.3 mmol/L, Fc: 8.1Ϯ1.6 mmol/L, SNC-Fc 10.6Ϯ0.2 mmol/L). Additionally, no adverse effects in the mice and no alteration to the histological appearance of the thoracic aorta or carotid arteries in which atherosclerosis is absent were observed (data not shown).
Fluorescent immunohistochemistry for cleaved caspase-3 and in situ end labeling (ISEL) showed that apoptosis was significantly reduced by Ϸ60% in brachiocephalic artery plaques from mice infected with RAd SNC-Fc compared to the controls (Figure 4 ; supplemental Table I ). Dual immunohistochemistry for ISEL and ␣-smooth muscle cell actin or Mac-2 revealed SNC-Fc significantly reduced the percentage of apoptotic VSMCs and macrophages compared to the controls ( Figure 4D through 4I and 4M ). Additionally the amount of pAkt was significantly increased in plaques from animals infected with RAd SNC-Fc compared to controls ( Figure 4J through 4L) .
Interestingly, although RAd SNC-Fc infection had no effect on brachiocephalic artery atherosclerotic plaque area, it did affect composition ( Figure 5 ; Table) . Increased plasma SNC-Fc levels significantly elevate the ratio of smooth muscle cells to macrophages and the proportion of the lumen covered in VSMC-rich fibrous cap (supplemental Table I ). Additionally, it reduced the number of buried layers (a surrogate marker of plaque rupture) and the percentage of the plaque occupied by macrophages (Table) . Together these findings are indicative of a more stable plaque phenotype. Infection with RAd SNC-Fc caused no significant change in any of the other parameters measured (Table) .
Discussion
VSMC apoptosis is a major contributor to atherosclerotic plaque rupture and therefore myocardial infarction. Consequently, strategies to reduce VSMC apoptosis have potential for plaque stabilization. We previously showed that N-cadherin, the predominant cadherin expressed by VSMCs, 8 inhibits VSMC apoptosis. 9 In this study we examined whether a soluble form of N-cadherin acts as a mimetic, providing a survival signal for VSMCs. In addition, we evaluated whether reduction of VSMC apoptosis by SNC promotes atherosclerotic plaque stability.
VSMC apoptosis was stimulated in vitro by 3 inducers that are relevant to atherosclerosis; 6, [27] [28] [29] [30] [31] Fas-L or TNF-␣ (extrinsic apoptotic pathway inducers) and culture in suspension (activator of intrinsic and extrinsic apoptotic pathways). SNC significantly reduced VSMC apoptosis by all inducers. Although we previously showed that full-length N-cadherin reduces VSMC apoptosis, 9 these findings with SNC are important as this small soluble molecule is more versatile for in vivo and clinical studies.
We also investigated the mechanism underlying the prosurvival effect of SNC. SNC significantly reduced the formation of cell-cell interactions, the opposite of full-length N-cadherin. 32 This indicates SNC acts as a mimetic reducing the ability to form homophilic cell-cell interactions and activating signaling pathways, a concept suggested previously. 19 -21 We investigated 3 potential signaling pathways: FGF-R signaling, PI-3 kinase signaling, and ␤-catenin sig-naling. 12, 15, 33 Interaction between N-cadherin and FGF-R has been previously proposed 14 -17 via HAV binding motifs, 13 which result in intracellular signaling. 14 We found that inhibiting or siRNA knockdown of FGF-R1 prevented the prosurvival effect of SNC, suggesting it is the major pathway. Further support was obtained from the HAV peptide experiments, which suggested that an additional HAV containing molecule other than N-cadherin (ie, FGF-R) was required for the prosurvival effect.
Previous research in various cell types showed N-cadherin based adhesive contacts recruit PI-3 kinase and stimulate membrane recruitment of Akt. 10 -12 We previously showed PI-3 kinase-dependent activation of Akt occurs because of formation of full-length N-cadherin-mediated cell-cell contacts in VSMCs. 9 FGF-R can also activate PI-3 kinase. 34 Inhibition of PI-3 kinase or Akt ablated the prosurvival effect, suggesting that SNC-Fc activates this signaling pathway. The complete ablation of the prosurvival effect, both with these inhibitors and the FGF-R inhibitor, suggests a common pathway. Furthermore, increased nuclear pAkt occurred in SNC-Fc-treated cells, whereas inhibition of PI-3 kinase or FGF-R led to diffuse expression of pAkt. We suggest therefore that SNC-Fc activates PI-3 kinase via FGF-R, which in turn activates Akt and thereby inactivates the proapoptotic protein Bad at Serine-136 stabilizing the antiapoptotic protein Bcl-2. The proposed mechanism is summarized in supplemental Figure III . The involvement of ␤-catenin signaling in the prosurvival effect of SNC-Fc was also investigated. Interestingly, although SNC-Fc mimics cell-cell junctions, the prosurvival effect of SNC-Fc is ␤-catenin signaling independent.
We investigated whether SNC-Fc affected the stability of advanced brachiocephalic artery atherosclerotic plaques in fat-fed ApoE Ϫ/Ϫ mice. The direct effect of therapeutic potential of reducing VSMC apoptosis on plaque instability has remained relatively unstudied. Adenoviral infection of hepatocytes caused a transient increase in transgene plasma levels, which was detectable until day 8 as previously observed, 25 and significantly reduced apoptosis in the plaque. Immunohistochemistry detected abundant N-cadherin and FGF-R in the plaques, providing a potential mechanism of action for SNC-Fc. Dual immunohistochemistry for ISEL and ␣-smooth muscle cell actin or Mac-2 revealed that SNC-Fc significantly reduced VSMC and macrophage apoptosis, complementing our in vitro findings. Additionally pAkt was increased in plaques from animals infected with RAd SNC-Fc, supporting our in vitro mechanism data. RAd SNC-Fc infection also significantly increased the VSMC: macrophage ratio and the presence of a VSMC-rich fibrous cap, while significantly reducing the number of macrophages and buried layers (a surrogate marker of plaque rupture). These properties are all indicative of increased plaque stability. This highlights for the first time the involvement of cadherins in atherosclerosis, and provides the first evidence that inhibiting VSMC apoptosis increases plaque stability.
Increased coverage of the lumenal surface with a VSMCrich fibrous cap was observed in the RAd SNC-Fc-infected mice, which is indicative of a more stable phenotype. However, although SNC-Fc reduced VSMC apoptosis, the number of VSMCs was not increased. We suggest that this is attributable to reduced plaque disruption. In control plaques we speculate that increased growth of VSMCs is necessary for new fibrous cap formation after disruption, consequently loss of VSMC number attributable to apoptosis is counterbalanced. Although in SNC-Fc-treated animals plaque disruption and therefore formation of a new fibrous cap is ablated, the reduction in VSMC apoptosis does not increase VSMC content.
Interestingly we also observed a significant reduction in macrophage content in the plaques. Our in vitro data, however, indicate that the reduction in macrophage number is not attributable to altered monocyte invasion or macrophage proliferation. We propose that the observed decrease in macrophage content is as a result of reduced inflammation. This occurs through reduced VSMC and macrophage death and retarded plaque disruption, therefore suppressing macrophage infiltration and proinflammatory cytokines production. 7, [35] [36] [37] [38] However, we did not detect a reduction in the size of the necrotic core, which may be because of the short time course of our studies and that a longer period may be required to detect a decrease in the necrotic core size.
Additionally, SNC-Fc did not affect size or composition of plaques from proximal aorta and aortic sinus (data not shown). We propose that as plaque rupture has not been reported at these sites, perhaps VSMC apoptosis is not as prevalent and therefore SNC-Fc has no detectable effect.
In summary, this study has illuminated SNC-Fc as a successful prosurvival factor for VSMCs in vitro via FGF-R, PI-3 kinase, and Akt signaling. Interestingly, the effect of SNC-Fc may not be restricted to VSMCs but may also have beneficial effects on macrophage and foam cell-macrophage survival, which we hope to investigate more thoroughly in the near future. Most importantly, in the ApoE Ϫ/Ϫ mouse model of atherosclerosis, RAd SNC-Fc infection reduced apoptosis in the plaques formed in the brachiocephalic artery, and increased plaque stability, suggesting that it may have therapeutic potential in the treatment of atherosclerosis.
